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Abstract 
Flexible antenna is an essential part for the wireless sensor applications such as aerospace, communications, mobile 
communications, telemetry, medical, RFID etc., therefore, there is a huge interest in developing such antenna and in 
research on new materials with good electrical and mechanical properties to overcome limits of the traditional 
antenna and existing sensor systems. 
The desired frequency range in this work is the ISM (Industrial, Scientific, and Medical band), therefore, the patch 
antennas were designed for 10 GHz. Ultrathin flexible glasses with thicknesses of 70 μm and 210 μm are used as 
substrate and Cu as metallization material. Cu with the lowest electrical resistivity after silver is a promising 
substitute for the aluminium. Glass is a suitable substrate material because of its low thermal expansion coefficient 
and the fact that it is resistant to most chemicals. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
Nowadays there is a continuous expansion of wireless sensor system applications for example in 
aircraft monitoring, collision warning in cars or remote patient monitoring. The suitable system for these 
applications must be robust and also flexible. A glass substrate becomes flexible below a thickness of 
200 μm [1]. Furthermore these applications require higher transmission speeds, and therefore higher 
bandwidth, which shifted the working frequencies of the transmission systems to higher frequency bands. 
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Aluminum, as a standard thin film metallization for these applications, faces its physical limit. Therefore 
it is important to find an alternative metallization.  
In this work we designed, simulated and fabricated 10 GHz patch antennas on D 236T ultrathin glass 
substrates with thicknesses of 70 μm and 210 μm (Schott AG) by means of standard microsystem 
technology. The S parameters of the antenna are measured using network analyzer (Agilent 8719D) 
(Fig. 1). The antenna indicator parameters such as resonance frequency, input reflection coefficient, 
bandwidth and efficiency are calculated using these parameters (Table 1). Investigations show that with 
increasing Cu thickness the resonance frequency of the antenna is shifted to lower frequencies. The input 
reflection coefficient decreases when the Cu thickness increases. But no reductions of the S11 parameter 
could be observed after the layer thickness reaches a value of greater than twice the skin depth (skin depth 
į = 0.66 μm). The efficiency of the antenna increases with increasing metallization thickness. The 
dependence of the resonance frequency on the thickness of the metallization has been described 
theoretically in reference [2]. 
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Table 1: Characteristics of the 10 GHz antenna on ultrathin 
Glass with different metallization thickness 
Cu-Thickness fr [GHz] S11 [dB] Ș [%] 
1į 10.33 -6.7 6.7 
1μm 10.33 -5.66 26.3 
2į 10.29 -8.51 26.7 
3į 10.28 -8.54 32.2 
4į 10.27 -4.04 17 
5į 10.30 -7.4 24.3 
Fig. 1: Measured and simulated input reflection coefficients for the 10 GHz antenna on ultrathin glass with different Cu thickness 
2. Effect of passivation 
To protect the antenna from the harmful environmental effects the entire antenna surface is 
encapsulated with an additional Al2O3-layer, which was deposited using DC magnetic sputtering. 
Afterwards the effects of passivation layer on the antenna indicator parameters were measured. Because 
of the very thin passivation layer (4 times the skin depth) only a small resonance frequency shifts to the 
lower values and no change in bandwidth of antenna are observed (Table 2). 
Table 2: Characteristics of the 10 GHz antenna on ultrathin glass after Al2O3 passivation 
fr [GHz] S11 [dB] Ș [%] Δfr/fr[%] 
10.27 -10.53 10 0.2 
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3. Surface morphology of Cu film 
The surface morphology of Cu film is investigated using scanning electron microscope (SEM) and 
surface profilometer. The surface of the Cu metallization on glass shows a homogeneous, dense structure 
with an average grain size of about 100 nm (Fig 2).  
Fig. 2: Left- SEM micrograph of CU surface on the ultrathin surface and Right- Depth profiles for the metallization of antenna 
Table 3 shows the RMS roughness Rq for different Cu thicknesses. The glass-Cu interface was smooth 
and clean. Because copper has a very poor adhesion to glass, titanium (Ti) was used as an adhesion 
promoter layer.  
Table 3: RMS roughness Rq for different Cu thicknesses 
Cu Thickness [μm] 0.66 1 1.32 1.98 2.64 3.3 
Rq [nm] 4.38 4.132 3.5 4.84 4.03 5.05 
4. Reliability of Cu metallization on flexible substrate 
To determine the reliability of Cu metallization on ultrathin glass substrate a set of accelerated (aging) 
tests were carried out. Extreme conditions for the aging process are very high current densities and high 
temperatures. It is shown in literature that the ion current in a conductive line depends linearly on the 
electrical current and exponentially on the temperature. The Black's equation (Eq. 1) describes the median 
time to failure MTF of the conductive lines due to electromigration [3]  
)/exp( TkEj
AMTF Ban= (Eq. 1) 
where A is a constant and depends on the geometry and material properties, j is the current density, n 
is a model parameter, kB is the Boltzmann constant, T is the temperature and Ea is the activation energy. 
A set of investigations under five different stress conditions are carried out using parallel lines 
structures, which are connected to common pads. The width and the length of the lines are 10 μm and 
2000 μm , respectively. The five combinations of temperature and current density are listed in Table 4.  
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Table 4: Temperature, current density combinations used for the electromigration test 
J [A/cm2] s5  s6  s6  s6  s6
T [°C] 150 150 150 175 200 
Figure 3 illustrates how the lifetime of Cu lines on ultrathin glass substrate changes as a function of 
stress temperature and current density. As the Black's equation predicts interconnects fail earlier at higher 
current densities and temperatures. The experiments were carried out with a current density of 
s6 A/cm2. At the lower current densities only a degradation of the metallization and not a complete 
failure of the traces were observed. An increase in resistance by 20% has been chosen as a failure 
criterion. 
The activation energy was about 1.09 eV for the structures on ultrathin glass substrate. Cu lines on the 
glass substrate have a MTF of about 13.73 h at 150°# AND AT A CURRENT DENSITY OF s6 A/cm2.  
Fig. 3: Time dependent behaviour of current at currENT DENSITY OF s6 A/cm2 and different temperatures 
5. Discussion 
In this work we designed, developed and tested flexible patch antennas using Cu as metallization and 
ultrathin glass as substrate. To protect the antenna against harsh environment the antenna is encapsulated 
with Al2O3. Investigations show that with increasing Cu thickness the resonance frequency decreases. The 
input reflection coefficient also decreases with increasing of the Cu thickness. The efficiency of the 
antenna improved with increasing metallization thickness. After covering the entire antenna surface with 
an additional Al2O3 layer, the resonance frequency decreased.  
The electromigration investigations showed that the Cu lines on glass have a relative high MTF. The 
surface of the Cu metallization on glass had a homogeneous, dense structure, with an average grain size 
of about 100 nm. The glass-Cu interface was smooth and clean.  
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